Some of the most striking symptoms after prefrontal damage are reduction of behavioral initiation and inability to suppress automatic behaviors. However, the relation between these 2 symptoms and the location of the lesions that cause them are not well understood. This study investigates the cerebral correlates of initiation and suppression abilities assessed by the Hayling Sentence Completion Test, using the human lesion approach. Forty-five patients with focal brain lesions and 110 healthy matched controls were examined. We combined a classical group approach with 2 voxel-based lesion methods. The results show several critical prefrontal regions to Hayling Test performance, associated with either common or differential impairment in ''initiation'' and ''suppression'' conditions. A crucial role for medial rostral prefrontal cortex (BA 10) in the initiation condition was shown by both group and lesion-mapping methods. A posterior inferolateral lesion provoked both initiation and suppression slowness, although to different degrees. An orbitoventral region was associated with errors in the suppression condition. These findings are important for clinical practice since they indicate that the brain regions required to perform a widely used and sensitive neuropsychological test but also shed light on the regions crucial for distinct components of adaptative behaviors, in particular, rostral prefrontal cortex.
Introduction
Behavioral adaptation results from a balance between automatically initiated behaviors (like those guided by strong stimulus--response associations) and the suppression of these automatic behaviors in order to elaborate new ones (when strong stimulus--response associations are not relevant anymore). These 2 aspects of behavior can be altered in patients with frontal lobe damage (Perret 1974) . Frontal patients may show a reduced tendency to initiate behavior, often described by carers as appearing ''apathetic'' or ''lethargic.'' Another striking disorder after prefrontal damage is the expression of irrepressible automatic behaviors, such as in ''utilization behavior'' (Lhermitte et al. 1986; Shallice et al. 1989; Volle et al. 2002) . Here, patients are unable to suppress automatic behaviors triggered by the external world. In real life, patients' inability to stop themselves from doing or saying something inappropriate is commonly reported by families .
The relationship between these 2 symptom clusters, and the regions of the brain which, when lesioned, cause them, are not well understood. Undoubtedly, these symptoms are frequent in neurological patients , they can be seen together in any one patient, and this observation has been a major contributor to the notion of a ''dysexecutive syndrome.'' However, the exact nature of the interrelations between these symptoms are not well understood. Consider for instance data from the DEX questionnaire, part of the Behavioral Assessment of the Dysexecutive Syndrome neuropsychological test battery (Wilson et al. 1996) . The DEX is a 20-item questionnaire completed by family or carers. Three items of this questionnaire are particularly relevant to response initiation and suppression. Item 8 relates to initiation problems (seems lethargic or unenthusiastic about things), and items 2 and 16 relate to response suppression difficulties (''acts without thinking, doing the first thing that comes to mind''; ''finds it difficult to stop doing something even if they know they shouldn't''). Burgess et al. (1998) reported analysis of the relations between these symptoms in 92 mixed etiology neurological patients. Both symptoms were highly prevalent: 24% of the sample had frequent suppression problems, 30.5% had initiation problems. Subsequent analysis of these data showed that the correlation between the 2 response suppression items was high (0.56; P < 0.0001), supporting the construct validity of these 2 items. The correlation between these 2 suppression items (items 2 and 16) and the response initiation item (item 8) was lower (0.39; 0.36, respectively) but still highly significant (both P < 0.005). Principal component analysis showed a single common factor with similar loadings for all 3 items, and a second factor where the loadings for response initiation variable were very much higher. These patterns of symptoms, based on observations in everyday life, argue against the notion that response suppression and initiation problems always coexist (see also Godefroy et al.1996) . However, neither do they suggest that these symptoms are usually seen completely independent from each other. The possibility most fitting with the data above is that response suppression and initiation problems may share some common causes, but initiation problems may also occur for quite different reasons also.
Unfortunately from an experimental viewpoint, response initiation and suppression are concurrent components of several neuropsychological tasks, such as verbal fluency and random item generation paradigms. Their individual contributions to performance are therefore difficult to separate, complicating task performance interpretation. One exception is the Stroop test (Stroop 1935) . This is commonly used to measure the ability to suppress a prepotent response to words (word reading) in favor of an alternative one (ink color naming of the word). According to both functional neuroimaging (Bench et al. 1993; Milham et al. 2001; Brass et al. 2005 ) and lesion studies (Perret 1974; Golden 1976; Vendrell et al. 1995; Stuss et al. 2001) , this task engages a well-known network including lateral prefrontal and cingulate regions. However, it is not clear whether the Stroop test performance relate to the kinds of everyday symptoms mentioned above (Burgess et al. 2006) . The Stroop test measures suppression of overlearned stimulus--response association at the response level, but not at the conceptual or semantic level, while semantic and response conflict may be associated with distinct cerebral networks (Kan and Thompson-Schill 2004; van Veen and Carter 2005) . Other studies that have explored the anatomy of motor action inhibition used the Go/No-go task, which is also a motor inhibition task (Godefroy et al. 1996; Picton et al. 2007; Simmonds et al. 2008) . The anatomy of motor initiation have been explored separately using simple reaction time tasks (Godefroy et al. 2002; Stuss et al. 2005; Pe´rin et al. 2010) .
In the verbal domain, Burgess and Shallice (1996) designed a neuropsychological test, the Hayling Sentence Completion Test (HSCT or Hayling Test) , allowing the assessment of response initiation and response suppression within the same verbal semantic task. The Hayling Test is composed of 2 conditions: response initiation (part A) and response suppression (part B). In both conditions, participants are read aloud by the experimenter a sentence that has the final word omitted. In the initiation condition, they are asked to provide a word that completes the sentence. For example, ''London is a very busy . . . ?'' (Where an appropriate answer is ''city.'') By contrast, in the suppression condition, the participants are asked to provide a word that is completely ''unrelated'' to the sentence frame. In the previous example therefore, city would now be an inappropriate answer, whereas ''banana'' would be a good one. The Hayling test thus provides separate and comparable measures of verbal semantic initiation and suppression abilities.
The Hayling Test is known to be a particularly sensitive neuropsychological test for frontal functions (see, e.g., Hornberger et al. 2010) . For instance, Burgess and Alderman (2004) report that only 4% of healthy age morbid and premorbid IQ-matched controls attained a scaled score of 2 (out of 10) on the Hayling Test, suppression subscore, but 77% of a group of patients with circumscribed bifrontal lesions attained that score or below. Moreover, 53% of them were worse than any control. This compares extremely favorably in terms of detection of abnormality with other neuropsychological tests of executive function (Burgess et al. , 2006 . Critically, however, while people with frontal lobe dysfunction may be impaired on either the initiation and suppression conditions, compared with patients with lesions more posterior, or to controls, these impairments can appear independently from each other (Burgess and Shallice 1996) . This suggests that initiation and suppression may be subserved by, at least in part, distinct cerebral regions.
There have been few neuroimaging studies that have explored the cerebral correlates of the Hayling task or paradigms closely related to it. Mostly, they suggest involvement of lateral prefrontal cortex (PFC) in the suppression condition, while the initiation condition may involve ventromedial PFC (Collette et al. 2001; Nathaniel-James and Frith 2002) . However, while functional imaging techniques may reveal brain regions that are engaged in a task, they need not indicate the regions that are ''necessary'' to perform the task (Coltheart 2006; Henson 2006; Kinkingnehun et al. 2007; Volle et al. 2008) . Lesion studies are thus essential to complement functional imaging and in particular to be able to draw valid conclusions for clinical practice. Unfortunately however, lesion studies using the Hayling test are rare and do not clearly identify specific brains areas. Recently, Roca et al. (2010) gave a useful but rather indirect indication of Hayling function--structure brain correlates. In their lesion study of frontal patients, a deficit in a composite score of the Hayling test was found beyond that which could be explained by a deficit in ''fluid intelligence,'' whereas the variance in other widely used frontal neuropsychological tests could be (Fluency, Wisconsin card sorting test). Moreover, the maximum overlap of lesions from patients with greatest deficit unexplained by IQ was located in the right rostral PFC. This suggests that the rostral PFC plays a role in some cognitive processes that are assessed by the Hayling test but are not explored by common frontal tests. The exact location of brain areas crucial for the Hayling test however remains to be more directly addressed.
Recent techniques for lesion studies, such as voxel-by-voxel lesion-deficit mapping, allow precise clinical-radiological correlations by testing all damaged voxels and do not rely upon classifying patients into categorical groups or choosing a cutoff for pathology, in contrast with more classical methods. The use of these new methods has produced consistent results (Bates et al. 2003; Dronkers et al. 2004; Tyler et al. 2005; Committeri et al. 2007; Volle et al. 2008; Del Cul et al. 2009; Gla¨scher et al. 2009 ).
The aim of the present work was to examine the cerebral correlates of both initiation and suppression conditions of the Hayling test. We combined these recent voxel-based lesion methods and a more classical group approach, in 45 patients with focal brain lesions and 110 matched controls.
Materials and Methods
The experiment was approved by the local research ethics committee. All participants were able to provide written informed consent.
Subjects
Patients were recruited mainly from the Neurosurgery and the Neurological Departments of King's College Hospital, London, UK. Additional patients were recruited from 2 other London hospitals: the Regional Neurological and Rehabilitation Unit of the Homerton University Hospital and the Wolfson Rehabilitation Centre, St. George's Healthcare Trust, Wimbledon. Sixty-seven patients were assessed (for background details, see Table 1 ), when attending for a full investigation of their lesion, if they met the following criteria. 1) The presence of a cerebral focal lesion was confirmed by an anatomical CT scan or magnetic resonance imaging (MRI), available for the current condition.
2) The lesion was acquired in adulthood (mostly haemorrhage, ischemic stroke, or brain tumor (Warrington 1984) . 4) Patients were excluded if they had a prior history of neurological or psychiatric disease requiring hospitalization, of alcohol or other substance abuse or of developmental problems. 5) All included patients were right-hand dominant and had English as their first language. It is important to note that every patient who matched the above criteria was included, regardless of the location of the lesion and the pattern of the cognitive deficit. Full data including brain scans were eventually available for 45 patients. Figure 1A and Supplementary Figure S1 shows the location of lesions of these 45 patients.
Normative data for the Hayling test was acquired from a group of 110 healthy normal subjects (see Table 1 ) matched for age, gender and estimates of their basal (or premorbid for the patients) IQ, based on NART (Nelson and O'Connell 1978) , or on the Wechsler test of adult reading-WTAR (Wechsler 2001) . Control subjects were right-handed, native English speakers; they had no history of neurological or psychiatric disease.
Patients and controls were compared in both a classical group study and with a voxel-based approach. In addition to the comparison of patients to controls, we wanted to compare groups of patients with different lesion locations. Our a priori regions were determined as follows. Results obtained by functional MRI studies of the Hayling task (Collette et al. 2001; Nathaniel-James and Frith 2002) have shown activation in rostral prefrontal, dorsal and ventral lateral PFC, and in the lateral temporal and inferior parietal cortex. The lesion findings of Roca et al. (2010) described above also implicates damage to the frontal pole as a good candidate for a poor Hayling performance, at least under certain conditions. Thus, the most obvious subdivision one might employ is one that distinguishes between people with 1) rostral prefrontal damage; 2) prefrontal but nonrostral prefrontal damage; and 3) damage outside the frontal lobes. It is also consistent with classical rostrocaudal hierarchical models of brain functioning (Koechlin et al. 2003; Badre 2008; Fuster 2009 ). As a consequence, patients whose lesion did not involve the frontal lobes were pooled in the group called ''Non Frontal'' (n = 19). Two patients presented with a lesion that involved a small part of the inferior prefrontal area, but given that the overwhelming proportion of their lesion was non frontal, they were included in the ''non frontal'' group. Patients whose lesion involved the frontal lobes were either pooled in the group ''Rostral PF'' (rostral prefrontal; n = 8) if the rostral prefrontal region or frontal pole (approximately Brodmann area 10 [BA10]) was involved or in the group ''Posterior PF'' (n = 18) if BA10 was intact. The ''Non Frontal'' group was composed of 11 temporal, 5 parietal, and 3 subcortical lesions. The ''Posterior PF'' group consisted of 6 premotor, 4 dorsolateral prefrontal, 6 inferolateral, and 2 orbitofrontal lesions. The global overlap of the lesions and the overlapping lesions in each group are shown in Figure 1 and Supplementary Figure S1 .
The Experimental Cognitive Tasks: the HSCT-Parts A and B The Hayling test Shallice 1996, 1997) involves 2 conditions (see above, for examples). In both conditions, subjects were read 15 sentence frames in which the final word was omitted. In the first condition (''initiation'') subjects were asked to speak aloud a word that completed the sentence as quickly as possible. In the second condition (''suppression''), conducted after the first part, they were asked to give a word that was unrelated to the sentence frame in every way, that is, which made no sense in the context of the sentence. Responses that were semantically or contextually related to the frame of the sentence, as well as inappropriate language, were considered as errors.
One strong advantage the test has in interpretation of the results is that initiation and suppression constructs are measured with just a simple change of instruction-the rest of the demands of the 2 components of the task are identical.
For each condition, timing of response latencies were recorded and transformed into scaled scores. Measures of reaction times in the straightforward completion and in the unrelated completion conditions provided respectively an ''initiation'' and a ''suppression'' subscore. In ''suppression,'' the number and type of errors were also collected and transformed into a third subscore, the ''suppression-errors'' subscore. Each subscore (RT or number of errors) was converted into a scaled subscore, as is standard for the administration of this test, using a scale running from 1 to 10, the points on the scale corresponding with percentiles in the following way: 1: out of normal range, 2: percentile 1, 3: percentile 5, 4: percentile 10, 5: percentile 25; 6 percentile 50; 7: percentile 75; 8: percentile 90; 9: percentile 95, 10: percentile 99. The global Hayling score is a scaled summary of these 3 subscores (for a detailed description, see Shallice 1996, 1997 ).
An additional simple reaction time task was performed in order to control for nonspecific slowing of responses. In this task, participants were shown pictures and words on a computer screen and were asked to press the space bar of a computer keyboard as soon as an item appeared. One hundred and twenty items were displayed, with a selfpaced duration. Intervals between trials were 0.5 s (40 times), 1 s (40 times), or 2 s (40 times), randomly distributed.
Structural Imaging
Patients underwent either a structural MRI (n = 35) or a CT scan (n = 10), in the context of their clinical or neuropsychological evaluation or follow up. Images were acquired at the neuroradiology departments of the collaborating hospitals and were collected for clinical purposes only. They were used for research purposes here in accordance with the ethical approval. Accordingly, the scans were acquired using diverse acquisition sequences, depending on the machine and/or the patient's pathology. The MR images used for further processing were T 2 -weighted MRI as they were available for all the patients who underwent an MRI. T 2 -weighted scans, although offering less contrast precision than T 1 -weighted scans between gray and white matter, give good pathological information, by highlighting regions of damage. However, all available sequences were used by the neurologist (E.V.) in order to identify the limits of each lesion. Structural MR and CT images were converted into the SPM format (Statistical Parametric Mapping; http://www.fil.ion.ucl.ac.uk/spm/) for further processing described below.
Imaging and Statistical Analyses
Imaging Preprocessing: Normalization and Lesion Segmentation MRI images were preprocessed in SPM5 (http://www.fil.ion.ucl.ac.uk/; Wellcome Institute of Cognitive Neurology, London). The first step consisted of spatially normalizing MRIs to the Montreal Neurological Institute (MNI) template. As spatial normalization can be affected by the presence of a brain lesion, all signal abnormalities due to the lesion were first traced (first segmentation, using MRIcro, http://www.sph.sc.edu/ comd/rorden/mricro.html) and were used as a mask during the normalization procedure to optimize the brain normalization. This masking procedure, ''Cost Function Masking,'' was used to weight the normalization to brain rather than nonbrain tissue or lesions (Brett et al. 2001) . In fact both the Cost Function Masking method and the more recent ''Unified Model'' (Crinion et al. 2007 ) for normalizing brains were tested on our set of data. Visual inspection showed better results for the Cost Function Masking procedure. The ''Unified segmentation'' method produced more deformation around the brain damage. This is in accordance with recent results (Andersen et al. 2010 ) and may additionally be due to the fact that we used T 2 -weighted MRIs while gray and white matter differentiation (and thus segmentation) is greater on T 1 images. The spatially normalized images were resliced with a final voxel size of 1 3 1 3 1 mm 3 . The normalized images were then compared with the MNI template to evaluate normalization accuracy. The normalizing procedure failed for 5 patients. For these 5 patients, the segmentation followed the same procedure as for CT scans, as described below. For the remaining 30 successful normalizations, brain lesions were manually segmented again, this time on the normalized anatomical MRI, in order to extract the normalized lesion volume. This second segmentation was used for further statistical analyses.
CT images (and also MRIs which failed to normalize) were preprocessed differently because the SPM normalization was not possible. Normalization and segmentation were performed in one step, by directly reconstructing the lesion onto the MNI template. Patients' lesions were drawn on the MNI template by a neurologist (E.V.), who was at this time blind to the scores of the patients. This method has been used in other studies (Bates et al. 2003; Damasio et al. 2004) . In order to facilitate the comparison of the patients' space and the MNI space and to improve the lesion transfer, the patients' structural image was reoriented to match the template orientation, in particular regarding the axial plan. This matching was performed using free rotations in the MRIcro software (http://www.sph.sc.edu/comd/ rorden/mricro.html).
We used 3 distinct methods to test for the association between brain areas and deficits in the Hayling test: 1) level 1: a classical group comparison between patients with different lesion locations and 2) level 2: 2 distinct voxel-based lesion-deficit mapping approaches, AnaCOM (Anatomo-Clinical Overlapping Maps; Kinkingnehun et al. 2007) , and VLSM (voxel-based lesion-symptom mapping; Bates et al. 2003; Rorden et al. 2007 ). We reasoned that where these methods gave converging results, the conclusions that could be drawn would be strengthened.
Level 1: A Priori Patient Groupings and Statistical Analyses
Once the volume of the lesion was obtained for all patients, each one was superimposed on an MRI template containing Brodmann areas (in MRIcro), and the anatomical region involved by the lesion were checked. This confirmed the classification of patients into their appropriate groups (classification based on native brain images) and revealed that BA10 was damaged in all ''Rostral PF'' patients but not in other groups of patients. The 4 groups (''Controls,'' ''Non Frontal,'' ''Posterior PF,'' and ''Rostral PF'') were then statistically compared.
Statistical tests were performed using SPSS software (SPSS for windows, version 16, SPSS Inc., Chicago IL). All demographic and behavioral data were tested for normality, and statistical tests were chosen consequently. When the assumption of normality was met, oneway analyses of variance (ANOVAs) and post hoc tests were used. Else, nonparametric tests were used: Kruskal--Wallis tests (and Mann--Whitney tests as post hoc). We checked for significant between-group differences in basic demographic, estimates of premorbid IQ (NART or WTAR), and lesion data (side, volume, etiology) .
Then, we tested for between-group differences in Hayling scores and subscores (overall score, ''initiation,'' ''suppression,'' and ''suppressionerrors'' subscores). Influence of age, IQ, premorbid IQ, and lesions characteristics on Hayling performances in patients was assessed by correlation analyses. A Kendall's tau test was used because many scaled scores may have the same rank.
Level 2: Voxelwise Statistical Approaches
AnaCOM. The principal analysis was performed using a recently developed voxel-by-voxel lesion mapping method, AnaCOM (for a full description of the method, see Kinkingnehun et al. 2007) . AnaCOM permits statistical analysis of the voxels that explain the most variance in relation to a cognitive or behavioral deficit.
The previously described normalization and segmentation steps resulted in a 3D reconstruction of each patient's lesion. The next step consisted of weighting each of these lesion volumes by the score obtained by each patient in a given task. This was performed by attributing, to all the voxels of each lesion volume, the value of the score of the corresponding patient (for instance, if a patient scored 3/10 in a given task, all the voxels included in his brain lesion were set at 3), while the rest of the image was set to zero, assuming that the brain lesion was responsible for the patient's deficit. Volumes representing each patient's lesion (n = 45) were then superimposed in order to build the ''Maximum Overlap Map.'' This map gave, for each voxel, the number of lesions that include this voxel. In these maps, the patterns of overlaps of the segmented lesions defined subregions (group of voxels covered by the same lesions). Statistical analyses were performed in the subregions that were composed of at least 3 lesions. For these subregions, a nonparametric Wilcoxon rank sum test was used, corrected for multiple comparisons (Bonferroni--Holm correction). This test compared performances of patients with damage to that subregion, with those of the control participants. Only regions where statistical significance at P < 0.05 was present after Holm correction were considered.
These steps were performed for the global score in the Hayling test and for each of the subscores: ''initiation,'' ''suppression,'' and ''suppression-errors.'' Statistical maps were thus obtained for each subscore. Each of these maps represented brain regions where the patients' performance statistically differed from that of the control subjects for a given task. These results thus indicated the clusters of voxels within the areas covered by at least 3 overlaps that contributed the most to a given impairment.
Regions within the PFC where there were at least 3 overlaps included the left frontal pole, the right frontal pole mainly in its medial portion, the left inferolateral prefrontal, and the right dorsolateral and dorsomedial prefrontal region, the temporal pole extending to the lateral temporal cortex bilaterally (Fig. 1E) . Consequently, conclusions are drawn from the analysis of these regions only.
VLSM. A second lesion-deficit mapping method, VLSM, was applied to the same preprocessed lesions data. This method (Bates et al. 2003) differs from AnaCOM in terms of the statistical comparisons that are performed and in the way corrections for multiple comparisons are applied. First, while AnaCOM compares, in each subregion, the performances of patients with damage in that subregion to the performances of controls, VLSM compares the performances of patients' with damage in a particular voxel to the performances of patients that do not have damage in that voxel. In other words, this method compares for each voxel a group of damaged patients to another group of patients. Using a group of patients as a control group is usual in classical lesion studies. Indeed, we also did so here, in the first approach described above (level 1), where we have distributed the patients on a priori grounds into 3 groups and compared them. It is a useful method in order to test if an observed difference between patients and controls is due to nonspecific effects of brain damage rather than to damage to a particular region. In voxel-based techniques, using ''not damaged in that voxel'' patients as a control group is appropriate when a deficit can result from only one lesion location (Godefroy et al. 1998) . But when several regions are critical for the performance at a given task, the power of such a method is questionable. In this case, both ''damaged in that voxel'' patients and not damaged in that voxel patients might include one of the critical functional regions, in which case an informative structure--function relationship might be missed. This is especially critical when exploring PFC given its strong connective properties or when exploring executive or control functions that are distributed in a range of brain regions. Thus, if VLSM methods may have a better specificity, AnaCOM presents more power, in particular to detect several regions equally responsible for a deficit, by using normative performance values. The specificity of the behavioral deficit is then improved by the use of control tasks. Second, regarding the correction for multiple comparisons, AnaCOM uses Bonferroni and Holm thresholding based on the number of subregions (group of voxels where similar lesions overlap) instead of the number of voxels. This decreases the number of comparisons performed and thus increases dramatically the power of the statistical results. This method of correction has also been more recently implemented in VLSM via NPM (MRIcron software, http://www.cabiatl.com/mricro/npm/), as well as correction methods based on permutations. Thus, when using VLSM (as implemented in NPM), our data were analyzed at each of these thresholds (Bonferroni at the cluster level, FDR correction at the voxel level, and permutation correction) with the nonparametric Brunner Munzel test.
Results

Level 1: A Priori Patient Groupings
Patients and Lesions Data No significant difference was found between the 4 groups in terms of age at testing (one-way ANOVA: F 3,151 = 0.29; P = 0.833), gender (Pearson chi-square: Chi2(3) = 1.51; P = 0.679), or premorbid IQ estimated by the NART (one-way ANOVA: F 3,147 = 0.33; P = 0.802; Fig. 2A ). Between the 3 patient groups determined a priori, lesion side was equally distributed (Pearson chi-square: v 2 (2) = 3.17; P = 0.205), as were the etiologies of the lesions (Pearson chi-square: v 2 (4) = 4.96; P = 0.291). The difference in lesion volume between the groups did not reach significance (H 2 = 4.89; P = 0.087) nor did the FSIQ (F 2,35 = 3.07; P = 0.059).
Hayling Performances
Performances are summarized in Table 2 . The following statistical results are reported in Table 2 and illustrated in Figure 2B ,C. In these latter columns, significant differences appear in bold (P \ 0.05).
For the global Hayling score (Fig. 2B ), a significant difference was found between the 4 groups ''Rostral PF,'' ''Posterior PF,'' ''Non Frontal,'' and ''Controls.'' Mann--Whitney tests were used to follow up this finding. It appeared that all patient groups pooled together were impaired compared with the ''Control'' group. The ''Rostral PF'' group was impaired compared with ''Controls'' and to each patient group. The ''Posterior PF'' group was also impaired compared with ''Controls,'' while the ''Non Frontal'' was not.
Between-group differences in performance were also observed in the Hayling ''initiation,'' ''suppression,'' and ''suppression-errors'' subscores (Fig. 2C) when performing Kruskal--Wallis tests. When pooling patient groups together, patients were significantly impaired compared with controls in all the subtests. More specific post hoc tests were conducted in order to investigate these results, using Mann--Whitney tests. First, only the ''Rostral PF'' group was impaired in all subscores compared with ''Controls.'' Compared with ''Posterior PF'' patients, ''Rostral PF'' patients were impaired only in the ''initiation'' subscore. Compared with ''Non Frontal'' patients, ''Rostral PF'' patients were impaired in the ''initiation'' subscore and marginally in the ''suppression'' subscore. Second, ''Posterior PF'' patients showed a distinct pattern: their performance was different from ''Controls'' in the ''suppression'' and ''suppression-errors'' subscores but not in the ''initiation'' subscore. Differences between the ''Posterior PF'' and the ''Non Frontal'' groups were not significant for any subscore. Finally, when comparing ''Non Frontal'' and ''Control'' groups, only the ''suppression'' subscore was significantly different.
For the simple reaction time control task, reaction times were scaled using the same method as for Hayling performance. Scaled scores (and corresponding mean reaction times) were 3.5 ± 3.1 (552 ± 242 ms) for ''Rostral PF,'' 4.0 ± 1.8 (507 ± 397 ms) for ''Posterior PF,'' 4.6 ± 1.5 (483 ± 408 ms) for ''Non Frontal,'' and 5.5 ± 1.7 (251 ± 85 ms) for ''Controls.'' There was a significant difference between groups (Kruskal--Wallis: H 3 = 14.03; P = 0.003), patients being slower than controls (U = 1605; z = -3.56; P < 0.001) but frontal patients were not significantly different from non frontal ones (U = 182.5; z = -1,51; P = 0.131), and ''Rostral PF'' patients not different from ''Posterior PF'' patients (U = 58.5; z = -0.76; P = 0.447). Only frontal groups were significantly impaired compared with normal ''Controls'' (''Rostral PF'': U = 256; z = -2.03; P = 0.042; ''Posterior PF'': U = 562.5; z = -3.02; P = 0.003; ''Non Frontal'': U = 786.5; z = -1.8; P = 0.071). The correlation between Hayling ''initiation'' and simple RT task was not significant in controls (s = 0.004; P = 0.966), but it was significant in patients (s = 0.417; P = 0.001). We then looked at groups by tasks interactions, using the procedure described by Sawilowsky (1990) for nonparametric tests (Puri and Sen L statistic). We found a significant interaction between frontal groups (''Rostral PF'' vs. ''Posterior PF'') and tasks (Hayling ''initiation'' vs. simple RT task), with F 1,22 = 6.52 and P = 0.018. This shows that Hayling ''initiation'' and simple RT tasks are differentially impaired in ''Rostral'' and in ''Posterior PF'' patients: simple RT task was impaired in both groups, while Hayling ''initiation'' was more specifically impaired in ''Rostral PF'' group.
Among all patients, correlation analyses showed no significant correlation between Hayling global score (the dependent variable) and 1) age at test (s = -0.83, P = 0.471), 2) NART or WTAR as an estimation of the premorbid IQ (s = -0.16, P = 0.205), 3) FSIQ-NART discrepancy as an estimation of general cognitive deterioration caused by the lesion (s = -0.17, P = 0.195), 4) lesion volume (s = -0.11, P = 0.341; although lesions seemed to be larger in Rostral PF group, statistical comparison between groups did not reach significance nor did correlations between Hayling test and lesion volume), 5) time interval (s = 0.01, P = 0.939). In order to study the effect of the hemisphere of the lesion on task performance, we computed a Kruskal--Wallis test within each group of patients. There was no difference between performances in patients with left, right, or bilateral lesions (for the overall score: ''Rostral PF'' group: H 2 = 1.20; P = 0.557; ''Posterior PF'' group: H 2 = 5.90; P = 0.052; ''Non Frontal'' group: H 2 = 2.57; P = 0.277; see Supplementary  Table S1 for Hayling performance in each patient group according to lesion side).
In summary, this analysis showed that the performances of patients were lower than those of controls on all Hayling subscores. However, the ''Rostral PF'' patients were more impaired than any other group on the Hayling overall score. Moreover, on the initiation subtask, ''Rostral PF'' patients had significantly lower performances than either the ''posterior PF'' or the ''non Frontal'' patients. In other words, in the group study, ''Rostral'' patients appeared to be the only group associated with a deficit in the ''initiation'' condition. ''Rostral'' patients were also impaired in the ''suppression'' condition (at least compared with controls), and the condition by group interaction also was not significant (F 1,22 = 0.312). Thus, we cannot conclude that a deficit in this patient group is specific to ''initiation'' processes. By contrast, ''posterior PF'' patients were impaired on the suppression subtask, on the simple RT task but not the initiation condition. These differences were unlikely to be due to differences in age, premorbid IQ, lesion volume, or lesion side since the groups did not differ on these variables.
Level 2: Voxelwise Approaches
AnaCOM Results
Voxelwise methods need no a priori hypothesis about lesion location, thus all the patients were pooled together in this analysis. After corrections for multiple statistical comparisons, AnaCOM maps of the Hayling global score revealed several clusters associated with a deficit within the covered prefrontal regions (Table 3) . These clusters were grouped in 3 anatomical right-sided regions: 1) the frontal pole, more precisely the medial part of BA10, 2) the cingulate cortex and adjacent medial orbital and medial superior frontal gyrus, and 3) the inferior frontal gyrus.
When looking at the separate subscores of the Hayling test, we found that ''initiation'' and ''suppression'' were differentially associated with distinct brain regions. Areas associated with a deficit in the ''initiation'' subscore (Fig. 3A, yellow) were located in the right inferior medial frontal pole, involving 2 clusters in BA10, in a more posterior and orbital area (BA32/11) but also in the right inferior frontal gyrus (involving BA47) and in a small cluster of the superior temporal pole (BA 38). Areas associated with a speed deficit in the ''suppression'' condition ( Fig. 3B) were observed within the right inferior frontal gyrus (involving BA 47 and 45). This region was also part of the ''initiation'' subscore map, but it was larger and contained more subregions (i.e., more overlapping patterns of lesions) in the ''suppression'' subscore map. Finally, areas associated with errors in the ''suppression'' task (''suppression-errors'') consisted of one small cluster located in the orbitoventral part of right rostral prefrontal region (BA11, Fig. 3C ).
In sum, this voxel-by-voxel lesion study showed that: 1) several right hemisphere brain regions were associated with a deficit on the Hayling test: mainly the frontal pole, the medial PFC, and anterior cingulate, an orbitoventral prefrontal area and the inferior frontal cortex; 2) deficits in ''initiation'' and ''suppression'' conditions involved differentially several cerebral areas: the right medial BA10 was associated with slowness in ''initiation'', while the inferior frontal gyrus was associated with Note: All the reported regions were significant after Holm correction for multiple comparisons (H: Holm threshold) and were right-sided. These regions were composed of groups of several significant clusters-that is patterns of lesion overlaps-each cluster having its own P value. Thus, the range of the P values for the clusters forming each region is given. The last column represents mean scores of patients damaged in each significant region. (BA, Brodmann area; G, gyrus).
slowness in both conditions, though more strongly with the ''suppression'' subtask. An orbitoventral cluster in right BA11 was related to errors in the ''suppression'' condition. Similar results were obtained when including only patients with an MRI in the AnaCOM analysis (and excluding CT scans from processing). Comparative coordinates of the regions observed in the whole group of patients versus the MRI subgroup are presented in a Supplementary Table S2 .
VLSM Results
Using this method, a significant deficit in the ''initiation'' subscore of the Hayling test was associated with a lesion involving right medial BA10 and 11, after correction for multiple comparisons (permutation correction, P < 0.05; z < 3.785). This region partly overlapped the one found using the AnaCOM method (centered on MNI coordinates 5, 45, -15 and 12, 54, -6; z = 3.35; Fig. 3A) . The ''suppression-errors'' subscore was associated with a lesion involving a small cluster within right BA11 (coordinates 22, 47, -11; z = 3.12; Fig. 3C ) that overlapped the one observed with AnaCOM. No region was significantly associated with a deficit in the ''suppression'' subscore at a corrected threshold but at an uncorrected threshold, the inferolateral prefrontal region (BA45/47) observed with AnaCOM was also found. All results were not significant when using an FDR voxelwise correction or a Bonferroni correction at the cluster level.
Taken together, results from these 2 voxel-based method showed that several distinct regions are critical for the Hayling test and are differentially involved in ''initiation,'' ''suppression,'' and ''suppression-errors'' conditions. The largest impairment in ''initiation'' time was found in patients with a medial rostral prefrontal lesion, the strongest impairment in ''suppressionerrors'' was found associated with lesions affecting the orbitofrontal cortex, and the biggest impairment in ''suppression'' time was related to lesions in the inferior frontal gyrus (only using AnaCOM). However, these methods do not allow us to test statistically the interactions between these conditions and these subregions, and a negative result for a given test in a given region should not be interpreted as an absence of involvement of this region in this test. Thus, we cannot conclude that each of these regions is specifically related to a given Hayling subtest.
Discussion
This is, to our knowledge, the first lesion study involving a large group of patients that examines the crucial brain regions for Hayling Test performance. We studied performances in both the ''initiation'' and ''suppression'' conditions in 45 patients with circumscribed cerebral lesions. We subjected the data to 3 types of analysis. The first was a classical approach, using patient groupings based on a priori hypotheses about what the likely structure--function relationships should be. Patients were divided into 3 groups: ''Rostral PF,'' ''Posterior PF,'' and ''Non Frontal''. Statistical comparisons between the patient groups and between patients and controls showed that ''Rostral PF'' patients were more impaired than any other group on the Hayling overall score. Compared with controls, rostral patients presented a deficit in both the ''initiation'' and the ''suppression'' conditions. This deficit consisted of both slower responses (''initiation'' and ''suppression'' conditions) and more errors (''suppression-errors'' subscore). Nevertheless, while ''Rostral PF'' patients had lower performances than ''Posterior PF'' and ''Non Frontal'' patients in the ''initiation'' condition, it was not the case for the ''suppression'' condition. In the latter condition, ''Posterior PF'' and ''Non Frontal'' patients were also impaired compared with controls. In other words, the group study showed that a deficit in the ''initiation'' and ''suppression'' conditions appeared to be differentially related to rostral or posterior prefrontal damage. A deficit in the ''initiation'' condition appeared associated with rostral prefrontal damage but not to other brain damage.
These results were confirmed and extended by using 2 modern lesion-deficit mapping approaches: AnaCOM and VLSM. These methods highlighted several distinct regions involved in Hayling performance located within the right rostral prefrontal region (medial BA10), the right inferolateral prefrontal region (BA45 and 47), and a right orbitoventral region (BA11 and 32). Converging results from AnaCOM and VLSM showed that a deficit in the straightforward completion time (''initiation'' subscore) was associated with right medial rostral PFC. This region was not associated with a significant deficit in the ''suppression'' subtask in these voxel-based methods. These findings are in line with the previous classical group approach, which also showed that rostral patients are more impaired than any other patients in the ''initiation'' condition. For the ''suppression'' condition explored with AnaCOM, slow unrelated completion was associated with involvement of the right inferolateral prefrontal region. To a lesser extent, this region was also associated with slower responses in the straightforward completion (''initiation'') condition. The involvement of right inferolateral PFC was consistent with the group approach that showed an impairment of ''Posterior PF'' patients in the ''suppression'' condition, though a deficit in this condition was not specific to this patient group. Furthermore, damage to one cluster in the orbitoventral PFC was associated with errors in the ''suppression'' condition with both voxel-based methods. Patients with involvement of this region tended to produce words that were connected in some way to the sentence (or were socially inappropriate), when they should have been giving unrelated words. These results are broadly consistent with the classical approach that showed less group-specific impairment in the ''suppression'' condition.
The current results replicate those of Burgess and Shallice (1996) , in the sense that patients with damage in PFC performed worse than either controls or patients with more posterior lesions in the Hayling test and which also suggested that impairments on each condition are dissociable (see also Burgess et al. 1998) . In addition, the present findings suggest that the right medial frontal pole, a right orbitofrontal, and a right inferolateral prefrontal region may have distinct roles in the different components of the Hayling test.
Contributions of the Medial Rostral Region to Performance in the Straightforward
The strongest effect in our study is the association between damage to structures within the right medial rostral frontal lobe and slowness in straightforward completions. In previous initiation and suppression studies, the initiation condition was usually considered as a reference task, and attention was focused on additional processes that occurred in the suppression condition as compared with the initiation condition (as detailed below). Less interest has been given to the initiation task by itself (but see Stuss et al. 2005; Shallice et al. 2008) . The current findings from both the group study and the voxel-based approaches however suggest that some cognitive processes that depend on rostral PFC are better examined by the ''initiation'' task. This is highly consistent with behavioral results from Burgess et al. (1998) , showing that suppression and initiation problems may share some common causes, but initiation problems may also occur for separate reasons. Previous functional imaging studies that used the Hayling or other verbal completion tasks have also shown activation in medial rostral PFC in conditions equivalent to the ''initiation'' condition, that is, when the response was strongly related to the presented cue (Desmond et al. 1998; Seger et al. 2000; Nathaniel-James and Frith 2002) . What could these specific cognitive processes behaviorally measured by the ''initiation'' time and that depend on the medial rostral prefrontal region be?
In several lesion studies, right medial frontal regions have been associated with the maintenance of vigilance, of intentions and/or preparation to respond, also called ''energization'' and measured by motor initiation tasks. It is likely that this energizing system is required by the Hayling task. However, the medial BA10 region (as well as the cingulate region in BA32/11) we identified here is somewhat inferior and anterior to the medial prefrontal region observed in previous studies Stuss et al. 2005; Shallice et al. 2008 ). In addition, ''Rostral PF'' patients were not significantly slower at our simple reaction time task, and the interaction between task (Hayling ''initiation'' vs. simple RT task) and group (''Rostral PF'' vs. ''Posterior PF'') was significant, which rules out an alternative interpretation in terms of a pure response speed deficit (since a deficit of this kind would affect both conditions). It also suggests that verbal initiation and motor initiation, assessed by the Hayling ''initiation'' and the ''basic RT'' motor tasks, respectively, may be impaired independently or may rely in part on distinct brain subregions. A recent functional imaging study also found BA10 involvement in a task requiring overcoming learned avoidance and initiation of a new response and low BA10 involvement in inhibiting a prepotent response (Greening et al. 2011) .
It is nevertheless likely that a simple reaction time task (deficits on which has been associated with a more posterior dorsomedial region) emphases elementary motor initiation, and this differs from the form of initiation assessed by the Hayling test. Among the possible processes that differentiate the Hayling ''initiation'' condition from simple motor initiation tasks, one can consider the linguistic (e.g., latency in word finding) and/or semantic components. The sentences chosen for the test (see Burgess and Shallice 1996) deliberately cue a restricted set of responses, with a strong semantic association between one sentence and its completion. In this case, sentence completion is likely to trigger a relatively automatic retrieval of a straightforward completion, that is, activation of close semantic associates. The Hayling ''initiation'' subscore could reflect in part this automatic activation within a semantic network delimited by the sentence frame, activation that could be slower in rostral patients. There are several arguments that make this hypothesis a possibility worth exploring. Rostral medial BA10 is part of a semantic memory network, according to functional neuroimaging methods (Saffran 2000; Patterson et al. 2007; Buckner et al. 2008; Binder et al. 2009; Lambon Ralph et al. 2010 ) and has been also associated with contextual association (Bar et al. 2007; Bar 2009 ) and with spontaneous cognition (in contrast to controlled cognition, Lieberman et al. 2004; Gilbert et al. 2007; Andrews-Hanna et al. 2010) . Besides, medial rostral PFC regions may mediate not only semantic but also social event knowledge (Krueger et al. 2009 ). According to this view, it is possible that since the Hayling sentences typically describe situational contexts, the rostral patients might have problems completing them because they may have ''lost'' the event knowledge of what usually happens when X and Y occur.
Regions Associated with the Hayling ''Suppression'' Condition The ''suppression'' condition requires suppressing automatic activation of related completions, in order to generate and select an unrelated one. This condition was found to be associated with both distinct and shared regions with the ''initiation'' condition using the voxel-based methods.
The inferior and lateral prefrontal region (including BA45/ 47) was associated with a slowness in both ''initiation'' and ''suppression'' conditions, suggesting that these 2 conditions can be commonly impaired in posterior frontal patients. To a certain extent, the current findings converge with the few functional imaging studies that used the Hayling test and showed the involvement of the lateral PFC in both conditions (Collette et al. 2001; Nathaniel-James and Frith 2002; Allen et al. 2008 ). This may suggest that these conditions require some processes that depend commonly on the inferolateral prefrontal region. Again, this is highly consistent with behavioral results from Burgess et al. (1998) , showing that initiation and suppression can be commonly impaired and may share common processes and/or crucial anatomical regions. At the theoretical level, the demands made by sentence comprehension on verbal working memory in both conditions, the maintenance of the task sets, and the selection and evaluation of a response, are candidate processes to explain this finding. It is also possible that this common involvement of the inferolateral prefrontal region in different tasks reflects nonspecific attention or speed deficits. Furthermore, this finding of a common region may also question whether initiation and suppression processes are captured entirely independently by the ''initiation'' and ''suppression'' subscores of the Hayling task. For instance, in the ''suppression'' condition, participants may also need to initiate a response (as in the ''initiation'' condition) after suppressing the prepotent one.
Nevertheless, AnaCOM showed more significant clusters associated with the ''suppression'' than the ''initiation'' condition. In addition, the ''posterior PF'' group was impaired in the ''suppression'' condition but not in the ''initiation'' condition in the group study, a profile that was also observed in individual patients from our group. Though it is not direct evidence, this could mean that additional processes, more specific to the ''suppression'' condition (or better captured by this condition), are dependent on these additional inferolateral prefrontal subregions. This interpretation is in accordance with functional imaging, showing activation in the inferior (BA 47/45) and superior (BA 46 and 9) frontal gyri, as well as in the rostrolateral PFC (BA10) when the ''suppression'' was contrasted to the ''initiation'' condition (Collette et al. 2001; Nathaniel-James and Frith 2002) . There are several processes that have been associated with the inferior frontal gyrus and that theoretically are more important for the ''suppression'' than the ''initiation'' condition. First, there is inhibition of prepotent but inappropriate responses and switching to an alternative response, as suggested by functional MRI (Garavan et al. 1999; Konishi et al. 1999; Liddle et al. 2001; Menon et al. 2001; Buchsbaum et al. 2005; Xue et al. 2008; Kenner et al. 2010; Walther et al. 2010) , as well as the lesion approach (Aron et al. 2003; Rieger et al. 2003; Picton et al. 2007 ). Second, there are the processes that relate to the ''episodic cognitive control'' that is needed to withhold an automatic completion given a past instruction while no stop signal is provided for each sentence (Koechlin et al. 2003; Koechlin and Summerfield 2007) . Finally, when using tasks that shared many similarities with the Hayling test, the inferolateral prefrontal region has been associated with controlled retrieval of semantic memory (Martin et al. 1995; Wagner et al. 2001; Badre and Wagner 2004, 2007; Martin and Cheng 2006) , and/or in the selection of semantic responses among competitive alternatives (Thompson-Schill 2003; Kan and Thompson-Schill 2004; ThompsonSchill et al. 2005 ThompsonSchill et al. , 1997 Thompson-Schill and Botvinick 2006) , though these studies focused on the left PFC. It is also likely that ''suppression'' slowness captures various cognitive processes, possibly supported by distinct anatomical regions (including the inferolateral prefrontal region). This hypothesis might explain why there was no significant region associated with this condition using the VLSM method, which compares patients damaged in one voxel to patients not damaged in that voxel but who may be damaged in other functional areas involved in the task.
In addition to this result, errors in the ''suppression'' condition were associated with a specific area within the orbitofrontal cortex (BA 11). Although the identified subregion was restricted to a small cluster, its location was consistent in both AnaCOM and VLSM and also with results from functional MRI (de Zubicaray et al. 2000; Collette et al. 2001) . Similarly, damage to this region had been associated with problems in suppressing inappropriate behaviors, impulsivity, perseverative responses (Horn et al. 2003; Viskontas et al. 2007 ). The exact processes that depend on this region (Zald and Andreotti 2010) and those that permit the performance of the ''suppression'' task however remain to be determined.
Of course, interpretation of our results is limited to the regions where a sufficient amount of lesions overlapped, and it is possible that there are other critical regions that have not been discovered here. As mentioned above, the left inferior and anterior lateral frontal region and the right superior lateral PFC were not well represented in our patients' lesions. Despite this limitation, it is important to note that the significant regions observed in AnaCOM do not correspond to the regions of maximum overlap, as illustrated in Supplementary Figure S2 .
In sum, in accordance with families' reports on frontal patients' behavior, the current study identified both common and differential impairments on ''initiation'' and ''suppression'' tasks, depending on the location of the prefrontal damage. ''Initiation'' slowness was significantly impaired in rostral prefrontal patients, compared with other patients or to controls, in the group, VLSM and AnaCOM studies, suggesting a role for rostral PFC in verbal initiation, possibly in relation to automatic activation of semantic responses. An area in orbitofrontal region was associated with ''suppression'' errors in voxel-based analyses, which is consistent with a deficit in inhibiting inappropriate behaviors in orbitofrontal patients. Finally, responses in ''initiation'' and ''suppression'' conditions can be commonly slowed down in right inferolateral prefrontal patients, questioning the functional specificity and/or organization of this region or perhaps suggesting that the ''initiation'' and ''suppression'' conditions share common processes. These findings also suggest that RT and accuracy measures may depend on different anatomical substrates and capture distinct processes required by the ''suppression'' of related completion in a sentence frame.
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